To determine whether two HorC molecules coordinately form a single unit, the functional properties of covalently linked dimers of HorC encoded by tandemly fused horC genes were studied. Lactobacillus brevis introduced with the fused horC genes and a single horC gene exhibited same degree of resistance to hop compounds and cetyltrimethylammonium bromide. This suggests that HorC functions as a homodimer.
Beer is a microbiologically stable beverage due to the presence of antibacterial alcohol and hop compounds, as well as low pH and depletion of dissolved oxygen and nutrients. 1) Only a limited number of bacterial species are known to spoil beer, representatives of which are Lactobacillus brevis, L. lindneri, L. paracollinoides, and Pediococcus damnosus.
1) It is also well known that the beer-spoilage trait of these lactic acid bacteria (LAB) depends on the strain status, not on the species status. 1) Several genetic markers to identify beer-spoilage LAB strains have been proposed, but none of them can detect all beer spoilers when a single genetic marker is used. [2] [3] [4] [5] [6] [7] Yet the combined use of horA and horC genes as species-independent genetic markers to identify beerspoilage LAB strains has been reported to be capable of detecting beer-spoilage strains comprehensively and exclusively. 1) Both the horA and the horC gene are presumed to spread horizontally among LAB, and are thought to play important roles in resistance to antibacterial hop compounds and other multiple drugs. 1, 8, 9) The horA and horC genes have been found to share common properties, but they are entirely distinct genes. horA has been found to encode a transporter belonging to ATP binding cassette (ABC) superfamily, while horC perhaps encodes a transporter of the resistancenodulation-cell division (RND) superfamily. 4, 8) It is noteworthy that HorA, deduced from the horA gene, has only one ATP-binding domain and six transmembrane segments (TMSs), and that the number of putative TMSs of HorC deduced from the horC gene is six. Because typical ABC transporters have two ATP-binding domains and two sets of six TMSs and typical RND transporters have 12 or close to 12 TMSs, HorA and HorC are assumed to be half-size transporters of the corresponding superfamily. 4, [10] [11] [12] It is known that some half-size transporters require homodimerization for functional expression, while others require heterodimerization with other proteins. [11] [12] [13] [14] [15] [16] To identify the functional conditions of HorA and HorC is an intriguing issue, because these molecules are thought to be highly important from the viewpoint of microbial quality control in brewing. Based on the insight that HorA is a homolog of LmrA, an ABC transporter of Lactococcus lactis, which has been found to function in the homodimer state, the functional status of HorA has been hypothesized to be homodimer. 8, 11, 13) On the other hand, no homologous proteins of HorC have been reported, so that there is no information on the functional status of HorC. Hence, in this study, we attempted to get a clue as to whether HorC requires homodimeric or heterodimeric formation for functional expression.
Functional analysis of the gene encoding the HorC homodimer, which was artificially created by fusing two copies of horC with a linker sequence, was carried out because artificially linked dimers of LmrA as well as ABCG2 of humans showed extruding activity of the substrates of single molecules. 13, 16) To begin with, we constructed an expression plasmid coding horB and the single horC gene. horB was predicted to be a transcriptional regulator of horC. It was amplified from the total DNA of beer-spoilage L. brevis ABBC45 c by PCR with primers Bf-EcoR I (5 0 -TTTGGAACTGAATTCACA-CGAGCATAACC-3 0 , EcoR I site underlined) and BrEcoT22 I BamH I (5 0 -TTACGGGATCCCCGGTACC-GAATGCATCTGATATTCCTCCCTT-3 0 , BamH I site underlined; italics, EcoT22 I site including the start codon of the horC gene). The amplified fragment was subcloned into the EcoR I and BamH I sites of pTWV228 (Takara Bio, Shiga, Japan) using Escherichia coli TOP10 (Invitrogen, Carlsbad, CA) as the cloning host. 4, 17) The plasmid obtained was designated pTWVhorB E-EtB . Subsequently, horC amplified from L. brevis ABBC45 c DNA by PCR with primers, CfEcoT22 I his (5 0 -TATCAGATGcatcaccatcaccatcacTTC-GATGTAATTCGTAG-3 0 ; italics, the EcoT22 I site including the start codon of the second horC gene; lower case, the sequence coding the hexa-histidine tag) and BCr-BamH I (5 0 -TTACGGGATCCGGTTAGCG-CCAAAGAATTAG-3 0 , BamH I site underlined), was ligated to pTWVhorB E-EtB double-digested with Ecoy To whom correspondence should be addressed. Fax: +81-297-46-1514; E-mail: kazumaru.iijima@asahibeer.co.jp Abbreviations: RND, resistance-nodulation-cell division; LAB, lactic acid bacteria; ABC, ATP binding cassette; TMS, transmembrane segments; CTAB, cetyltrimethylammonium bromide; CFU, colony forming units; L., Lactobacillus; Lc., Lactococcus T22 I and the BamH I restriction enzyme, and the plasmid constructed was designated pTWVhorBC. Then we created an expression plasmid coding tandem horC genes. To remove the stop codon of horC, the horBC fragment of pTWVhorBC was re-amplified by PCR with primers, Bf-EcoR I and Cr-Kpn I (5 0 -ACGGGTACC-TTTAATTTTGCGGTGTGGG-3 0 , Kpn I site underlined) which replaced the stop codon of horC with the Kpn I recognition sequence. The amplified fragment was subcloned into pTWV228 (Takara Bio), and the resulting plasmid was designated pTWVhorBC E-K . Another horC fragment produced by PCR with primers, Cf-Kpn I (5 0 -TATGGTACCATGTTCGATGTAATTC-GTAG-3 0 , Kpn I site inderlined) and BCr-BamH I, was ligated to pTWVhorBC E-K digested with Kpn I and the BamH I restriction enzyme. The plasmid obtained was named pTWVhorBCC. Subsequently, both the horBC fragment of pTWVhorBC and the horBCC fragment of pTWVhorBCC re-amplified by PCR with primers, Bf-BamH I (5 0 -TTTGGAACTGGATCCACACGAGC-ATAACC-3 0 , BamH I site underlined) and BCr-BamH I, were re-cloned into the BamH I site of the pTRKL2 vector, which replicated in LAB, using Lc. lactis MG1363 as the cloning host. [18] [19] [20] [21] These final plasmids were designated pTRKL2horBC and pTRKL2horBCC respectively (Fig. 1) . By sequencing analysis, it was confirmed that the inserts of these plasmids contained no unintentional mutations, while the inserted direction was reversed.
Expression plasmids pTRKL2horBCC, pTRKL2horBC and empty vector pTRKL2 were introduced into hopsensitive L. brevis ABBC45 cc . 9, 22) The transformed strains of each plasmid were selected by MRS agar (pH 5.5) (Merck, Darmstadt, Germany) containing 10 mg ml À1 of erythromycin, and were designated ABBC45 cc /pTRKL2horBCC, ABBC45 cc /pTRKL2horBC, and ABBC45
cc /pTRKL2. The hop resistance of these strains was evaluated according to procedures previously described. 9) Briefly, the transformed strains were repeatedly subcultured in MRS broth (pH 5.5) containing 10 mg ml À1 of erythromycin and hop compounds at progressively higher concentrations in increments of 100 mmol l À1 , and hop resistance was determined as the maximum concentration of hop compounds that allowed visible growth of the strains within 5 d. ABBC45
cc / pTRKL2horBCC grew in MRS broth (pH 5.5) containing 500 mmol l À1 hop compounds (Simon H. Steiner Hopfen, Mainburg, Germany), a level of hop resistance comparable to that of ABBC45 cc /pTRKL2horBC, indicating that the hop resistance of the two transformants Fig. 1 . Construction of pTRKL2horBC (a) and pTRKL2horBCC (b). his6 indicates the sequence coding the hexa-histidine tag. E, EcoR I site; B, BamH I site; K, Kpn I site. The direction of the insert of horBCC is opposite to that of horBC. a Transformed strains of L. brevis ABBC45 cc with expression plasmids pTRKL2horBCC, pTRKL2horBC, and empty vector, pTRKL2. b The transformed strains were repeatedly subcultured in MRS broth containing 10 mg ml À1 of erythromycin and hop compounds at progressively higher concentrations in increments of 100 mmol l À1 . The hop resistance of the transformed strains was determined by the maximum concentration of hop compounds that allowed visible growth of the strains within 5 d.
is virtually identical. In contrast, ABBC45
cc /pTRKL2 grew only in MRS broth (pH 5.5) containing up to 200 mmol l À1 of hop compounds (Table 1 ). This result indicates that the tandem horC gene cassette encoded on the pTRKL2horBCC is functional in a manner similar to the single horC gene of pTRKL2horBC in hop resistance.
horC has been reported to enhance resistance not only to hop compounds, but also to other substances in ABBC45 cc . 9) Hence resistance to cetyltrimethylammonium bromide (CTAB) as a representative was also examined. Seven-d cultures of transformed strains adapted to 200 mmol l À1 hop compounds were diluted with sterile deionized water appropriately. Portions of the same bacterial dilution were spread on MRS agar (pH 5.5) with and without 2.5 mg ml À1 of CTAB. After 7 d of incubation at 25 C, the survival rate, which was defined as the percentage of the number of colony forming units (CFU) on MRS agar (pH 5.5) with CTAB divided by that of CFU on MRS agar (pH 5.5) without CTAB, was calculated. In the event, the survival rates of ABBC45 cc /pTRKL2horBCC and ABBC45 cc / pTRKL2horBC were approximately 80%, while that of ABBC45 cc /pTRKL2 was less than 10% (Fig. 2) . This result indicates that the tandem horC genes conferred identical degrees of resistance to CTAB on ABBC45 cc as the single horC gene.
In sum, it is suggested that homodimeric HorC is capable of conferring hop resistance and CTAB resistance on ABBC45
cc . This phenomenon is reminiscent of a typical RND transporter with 12 TMSs, half of which is homologous and hypothetically functions in a tandemly linked form. Nonetheless, this study as it stands cannot entirely exclude the possibility that HorC forms a higher-order oligomer and that the heterodimerization with other molecules exhibits other functions. We are currently working to test these hypotheses. ) and erythromycin (10 mg ml À1 ), were spread on a MRS agar with and without CTAB (2.5 mg ml À1 ). After 7 d of incubation at 25 C, CFUs were measured, and the survival rate was calculated. At least three independent experiments were repeated.
